Background: eNOS function is regulated post-translationally. Results: GIT1 phosphorylation through Src activation activates eNOS enzyme function. Conclusion: Src and GIT1 play an important role in eNOS function. Significance: The data highlight a novel putative eNOS post-translational modification.
plex array of post-translational structural and signaling processes (1) . For example, eNOS is known to bind to a number of other proteins including caveolin-1, HSP-90, G-protein-coupled receptor kinase 2 (GRK2), and G-protein-coupled receptor kinase-interacting protein 1 (GIT1) (2) (3) (4) (5) . These interactions lead to changes in eNOS function, oftentimes as a result of altered phosphorylation of critical serine residues (6) .
Src, a non-receptor protein-tyrosine kinase, is involved in many of the signaling mechanisms associated with G-proteincoupled receptors (GPCRs) (7) . GPCRs regulate Src family kinase activity by direct interaction with GPCRs or components of the GPCR signaling system including G␣ subunits and ␤-arrestins and may alter their GTPase activity and affect the association of G␣ and G␤␥ subunits (8 -10) . GPCRs also activate Src family kinases indirectly through cross-talk with receptor tyrosine kinases and focal adhesion complexes, and Src plays an important role in GPCR signaling (7) (8) 11) .
GIT1, a GTPase-activating protein for the ADP-ribosylation factor family of small GTP-binding proteins, is a multidomain protein that links signaling proteins to distinct cellular locations (12, 13) . It has been recently demonstrated that GIT1 not only functions as a scaffolding protein but also has intrinsic signaling capability (14) . For example, upon adhesion of fibroblasts to fibronectin extracellular matrix, GIT1 becomes phosphorylated in fibroblasts by the tyrosine kinases Src and focal adhesion kinase (15, 16) . GIT1 also undergoes tyrosine phosphorylation during cell spreading on extracellular matrix in osteoblast cells (17) .
Previous work by our laboratory and others has shown that eNOS phosphorylation and activity is reduced in sinusoidal endothelial cells after liver injury (18 -20) , emphasizing a vascular endotheliopathy in this disease state. We have also shown that eNOS interacts with GIT1 and that this interaction leads to eNOS activation (5) . These data led us to postulate that GIT1 would be regulated by phosphorylation in endothelial cells. Furthermore, we sought to identify upstream stimulators of wash buffer (50 mM Tris, 12.5 mM NaCl, 5 mM EDTA, 1 mM EGTA). Beads were eluted by boiling in 1ϫ SDS sample buffer. eNOS (full-length or fragment fusion proteins) binding to GST-GIT1 fragment fusion proteins was detected by immunoblotting with eNOS antibody. Specifically, we used eNOS(C terminus) antibody (1:1000; BD Transduction Laboratories) to detect the C terminus of eNOS and eNOS(N terminus) antibody (1:200; Santa Cruz Biotechnology, Santa Cruz, CA) to detect the N terminus of eNOS. GST fusion proteins used in the pulldown assay were detected by immunoblotting with anti-GST antibody (1:200; Santa Cruz Biotechnology).
Adenovirus-The Ad-EV, Ad-myrAkt, Ad-dnAkt (21) , Ad-Src, Ad-SrcKD (22) , and Ad-GRK2ct (23) were purified from infected 293 cells by lysis in virus storage buffer followed by two sequential rounds of cesium chloride density gradient ultracentrifugation. We confirmed the efficiency of adenovirus infection of sinusoidal endothelial cells in vivo as described previously (24) . Ad-ET B was a kind gift from Michael B. Fallon (The University of Texas Health Science Center, Houston, TX) (25) . Sinusoidal endothelial cells were exposed to adenovirus in 2% serum for 16 h, medium was exchanged, and cells were then harvested at the specified time points.
Plasmids-pBK (⌬)-rat-GIT1/FLAG, GIT1(R39A), GIT1-(Y293F), and GIT1(Y554F) have been described previously (12, 26, 27) . For transient transfection, plasmid DNA encoding GIT1 (or an empty vector as control) was transfected into sinusoidal endothelial cells using Lipofectamine 2000 (Invitrogen) according to the manufacturer's instructions. Transfection reagents and vectors were removed 4 h after transfection. Analysis of transfected proteins was routinely carried out 24 -36 h after transfection. Transfection efficiency was confirmed using anti-FLAG antibody.
Immunoprecipitation and Immunoblotting-Immunoprecipitation assays were used to investigate the interaction of eNOS with GIT1 in cells and GIT1 tyrosine phosphorylation. Briefly, the cell lysates from sinusoidal endothelial cells (200 g of total protein) were subjected to immunoprecipitation with antibody to GIT1 (Santa Cruz Biotechnology) overnight. A control immunoprecipitation including IgG was utilized in each experiment. Immunocomplexes were bound by incubating protein samples with protein A beads for 2 h at 4°C. Immunoprecipitated proteins were separated by SDS-PAGE.
Immunoblotting was performed by using the specified primary antibodies including anti-eNOS antibody (1:1000; BD Transduction Laboratories), anti-phospho-eNOS-Ser 1177 (1:1000; BD Transduction Laboratories or Cell Signaling Technology, Beverly, MA), anti-phosphotyrosine 4G-10 (1:1000; EMD Millipore Corp.), anti-Akt, anti-phospho-Akt-Ser 473 , anti-Src, anti-phospho-Src-Tyr 416 (1:1000; Cell Signaling Technology), anti-GIT1 antibody H-170 (1:1000; Santa Cruz Biotechnology), and anti-FLAG M2 antibody (1:1000; Sigma-Aldrich). Anti-mouse IgG or anti-rabbit IgG horseradish peroxidase-conjugated secondary antibodies were from Promega (Madison, WI). Specific signals were visualized using enhanced chemiluminescence according to the manufacturer's instructions and scanned and quantitated with standard software. Immunoblot images shown are representative of at least three others.
Nitric Oxide Measurement-To assess NO production, we analyzed the release of nitrite, the stable breakdown product of NO, using a Sievers Chemiluminescence NO Analyzer (Sievers Instruments, Inc., Boulder, CO) according to the manufacturer's instructions. Briefly, conditioned medium was injected into a refluxing glass reaction chamber containing 0.1 M vanadium chloride and then carried in nitrogen gas to the chemiluminescence detector. Measurements of known concentrations of nitrite were used to generate a standard curve between 25 and 500 pmol of nitrite.
Statistical Analyses-All experiments were performed in replicates using cells isolated from different rats. All results were expressed as the mean Ϯ S.E. We performed statistical analysis using the two-tailed Student's t test; p Ͻ 0.05 was considered statistically significant.
RESULTS
eNOS Directly Interacts with GIT1-We have previously demonstrated that eNOS directly interacts with GIT1 by examining in vitro binding of recombinant eNOS and GIT1 (5) . To further map the GIT1 binding sites within eNOS, we created a number of constructs that were used to perform pulldown and immunoblot assays. GIT1 fragments containing amino acids 375-770 and 483-647 bound to full-length eNOS (Fig. 1A , top panel). This smaller fragment contains the synaptic localization domain (28, 29) (29) .
Next, we generated His 6 -eNOS fusion proteins containing one of the two major eNOS structural domains: the eNOS N-terminal oxygenase domain plus the calmodulin-binding sequence (eNOS-NT; Fig. 1B ) and the eNOS C-terminal reductase domain (eNOS-CT; Fig. 1C ). We confirmed the expression of eNOS fusion proteins using N-terminal or C-terminal eNOS antibody ( Fig. 1 , B and C, left panels). The N-terminal reductase domain of eNOS was found to bind to GIT1(375-770) ( Fig. 1B) , whereas the C-terminal oxidase domain of eNOS was pulled down by both GIT1(483-647) and GIT1(647-770) but not by GIT1(375-770) (Fig. 1C) . These experiments demonstrate that the direct interaction between eNOS and GIT1 involves interactions between both eNOS domains with elements of the GIT1 C terminus.
Expression of GIT1 Tyrosine Phosphorylation in Sinusoidal Endothelial Cells-We have previously demonstrated that eNOS and GIT1 interact in sinusoidal endothelial cells and that GIT1 overexpression or knockdown substantially modifies eNOS activity (5) . Here we hypothesized that GIT1 phosphorylation is important in the GIT1-eNOS interaction and in stimulation of eNOS phosphorylation. To better understand the relationship between GIT1 expression and GIT1 tyrosine phosphorylation, we examined GIT1 tyrosine phosphorylation before and after introduction of full-length GIT1 into sinusoidal endothelial cells. Overexpression of GIT1 was associated with increased GIT1 tyrosine phosphorylation ( Fig. 2A ). Addi-tionally, knockdown of endogenous GIT1 correlated with reduction of GIT1 tyrosine phosphorylation (Fig. 2 , B and C).
Akt Stimulates GIT1 Tyrosine Phosphorylation-We have previously demonstrated that Akt potentiates eNOS and NO signaling (5) . Here we explored GIT1 tyrosine phosphorylation in the Akt signaling pathway. GIT1 tyrosine phosphorylation was significantly increased after infection of sinusoidal endothelial cells with constitutively active Akt (Ad-myrAkt), whereas the dominant negative Akt (Ad-dnAkt) decreased GIT1 tyrosine phosphorylation (Fig. 3A) .
Src Regulates GIT1/eNOS/NO Signaling-Because GIT1 is a known substrate for Src tyrosine phosphorylation (29 -31) , we hypothesized that Src may play a role in GIT1-mediated eNOS activation. The Src kinase-specific inhibitor 4-amino-5-(4chlorophenyl)-7-t-butyl)pyrazolo [3,4-d] pyrimidine (PP2) abrogated the effects of overexpression of GIT1, leading to a reduction of both eNOS phosphorylation ( Fig. 3B ) and NO production ( Fig. 3C ).
GIT1 Tyrosine Phosphorylation Facilitates GIT1-eNOS Interaction in a Src-dependent Manner-To understand how Src affects GIT1-mediated eNOS activation, we first examined the effect of Src manipulation on GIT1 tyrosine phosphorylation. Src overexpression led to an increase in GIT1 phosphorylation ( Fig. 4A ), whereas expression of the Src kinase-dead mutant (Ad-SrcKD) led to reduced GIT1 phosphorylation ( Fig. 4A ). Additionally, the Src kinase-specific inhibitor PP2 inhibited GIT1 and eNOS interaction in a dose-response manner (Fig.  4B ), raising the possibility that Src is important in regulating GIT1-eNOS interaction. Next, we studied a series of GIT1 mutants in which known Src phosphorylation sites were mutated (GIT1(Y293F) and GIT1(Y554F)); these reduced GIT1 tyrosine phosphorylation ( Fig. 4C ). Wild type GIT1 and the GIT1(R39A) mutant, which lacks ADP-ribosylation factor GTPase-activating protein activity due to mutation of the arginine finger residue, appeared to increase Src and eNOS phosphorylation and NO production ( Fig. 4 , D and E). The two Src phosphorylation site mutants GIT1(Y293F) and GIT1(Y554F) decreased Src phosphorylation, eNOS phosphorylation, and NO production ( Fig. 4 , D and E). These data suggest that Srcmediated phosphorylation of GIT1 at Tyr 293 and Tyr 554 is important for Src docking and activation and subsequent Srcmediated eNOS phosphorylation and activation.
Src Is Upstream of Akt in Regulating GIT1/eNOS/NO Pathways-To clarify the roles of Akt and Src signaling to GIT1 and eNOS in sinusoidal endothelial cells, we blocked Src activity using PP2 and then manipulated Akt with either active Akt (Ad-myrAkt) or dominant negative Akt (Ad-dnAkt). PP2 inhibited eNOS phosphorylation and NO production induced by Ad-myrAkt, whereas the Ad-dnAkt construct reduced eNOS phosphorylation and NO production without affecting Src phosphorylation (Fig. 5, A and B ), suggesting that Akt may work downstream of Src to regulate Src-dependent GIT1-eNOS signaling. Moreover, overexpression of Ad-myrAkt or Ad-Src increased GIT1 tyrosine phosphorylation, leading to increased GIT1-eNOS association as well as increased eNOS phosphorylation within the complex (Fig. 5C, left panels) . Additionally, the effect of Src overexpression was blocked by over- His6 expression of Ad-dnAkt ( Fig. 5C , right panels), suggesting that Akt is downstream of Src in this system.
Endothelin-1 (ET-1) Stimulates GIT1 and eNOS
Signaling through Src-We demonstrated previously that ET-1 stimulates eNOS and NO release through activation of phosphatidylinositol 3-kinase and Akt (32) . Therefore, we attempted to determine whether Src was a primary upstream mediator involved in ET-1-mediated NO release. First, in a control experiment, we used insulin to stimulate sinusoidal endothelial cells and found that it increased eNOS phosphorylation and NO production ( Fig. 6A ); the effect of insulin was blocked by PP2 ( Fig. 6A ). Second, to determine whether ET-1-mediated tyrosine phosphorylation of GIT1 was Src-dependent, we exposed cells to ET-1 after incubation with the Src inhibitor PP2 and found that PP2 blocked ET-1-induced GIT1 tyrosine phosphorylation ( Fig. 6B ). Next, we exposed sinusoidal endothelial cells to varying amounts of ET-1 and found that ET-1 stimulated Src phosphorylation in a dose-dependent manner . GIT1 tyrosine phosphorylation in sinusoidal endothelial cells. In A, sinusoidal endothelial cells were transfected with cDNA encoding full-length GIT1 (1 g) or an empty vector (EV; 1 g) as described under "Experimental Procedures." 24 h later, GIT1 tyrosine phosphorylation was assayed by immunoprecipitation (IP) with antibody to GIT1 followed by immunoblotting (IB) with 4G-10 (left panel). GIT1 levels were detected in cell lysates by immunoblotting (middle panel). In the graph shown in the right panel, bands corresponding to phospho-GIT1 were quantified (n ϭ 4; error bars represent S.E.; *, p Ͻ 0.001 versus EV control). In B, sinusoidal endothelial cells were isolated and transduced with GIT1 siRNA at the indicated concentrations as described under "Experimental Procedures." GIT1 tyrosine phosphorylation was assayed by immunoprecipitation with antibody to GIT1 followed by immunoblotting with antibody to 4G-10 (left, upper panel). GIT1 and ␤-actin protein levels were assessed by immunoblotting with antibodies to GIT1 and ␤-actin (left, lower panel). A scrambled siRNA (Scr) was used as a negative control, and ␤-actin levels were used to assess protein loading (control). In the graph shown in the bottom panel, bands corresponding to phospho-GIT1 were quantified and normalized to ␤-actin (n ϭ 3; error bars represent S.E.; *, p Ͻ 0.05 versus scrambled siRNA control). In C, sinusoidal endothelial cells were isolated and transduced with two additional sets of GIT1 siRNAs (GIT1 siRNA-A and -B). GIT1 tyrosine phosphorylation was assayed by immunoprecipitation with antibody to GIT1 followed by immunoblotting with antibody to 4G-10 (left, upper panel). GIT1 and ␤-actin protein levels were assayed by immunoblotting with antibodies to GIT1 and ␤-actin (left, lower panel). In the graph shown in the left bottom panel, bands corresponding to phospho-GIT1 (P-GIT1) were quantified and normalized to ␤-actin (n ϭ 3; error bars represent S.E.; *, p Ͻ 0.01; **, p Ͻ 0.005 versus scrambled siRNA control). In the right panels, GIT1 tyrosine phosphorylation was assayed by immunoprecipitation with antibody to 4G-10 followed by immunoblotting with antibody to GIT1. Total cell lysate used to detect GIT1 position and immunoprecipitation with IgG are also shown as indicated (right, upper panel) . In the right bottom panel, bands corresponding to phospho-GIT1 were quantified and normalized to IgG from each immunoprecipitated sample as a loading control (n ϭ 3; error bars represent S.E.; *, p Ͻ 0.01 versus scrambled siRNA control).
without affecting the total Src expression ( Fig. 6C) . When cells were exposed to PP2, phospho-Src (Fig. 6D, left panel) , phospho-Akt (Fig. 6D, middle panel) , and phospho-eNOS ( Fig. 6D,  right panel) were reduced. Finally, as expected, PP2 blocked NO production induced by ET-1 (Fig. 6E) . The data indicate that stimulation of eNOS phosphorylation by ET-1 is Src-dependent and further confirm that Src is upstream of Akt.
Role of G␤␥ in ET-1-mediated GIT1 and eNOS Signaling-To determine whether G␤␥ may play a role in GIT1-mediated eNOS signaling, we examined the role of the G-protein-coupled ET B receptor, which is prominently expressed in primary sinusoidal endothelial cells unlike the ET A receptor, which is absent (19, (33) (34) (35) . GIT1 tyrosine phosphorylation was more prominent after overexpression of the ET B receptor (Fig. 7A ). Next, we investigated expression of the C terminus of GRK2 (GRK2ct), which binds and inhibits G-protein ␤␥ subunit function (23) . We found that overexpression of GRK2ct blocked Akt phosphorylation (Fig. 7B ) as demonstrated previously (32) . Importantly, ET-1 was found to stimulate the interaction of GIT1 and eNOS (Fig. 7C ), and it also stimulated GIT1 tyrosine phosphorylation after ET-1 stimulation (Fig. 7D ). Ad-GRK2ct abrogated ET-1-stimulated GIT1-eNOS interaction, GIT1 tyrosine phosphorylation, and eNOS phosphorylation (Fig. 7 , C and D); however, it had no affect on Src phosphorylation (Fig.  7E) . These data suggest that ET-1 stimulates Src independently of G␤␥ and that G␤␥ promotes tyrosine phosphorylation of GIT1. Because pathways downstream of GPCRs have been classified as either pertussis toxin (PTX)-sensitive (i.e. coupled to G␣ i/o ) or PTX-insensitive (i.e. coupled to G␣ q/11 , G␣ s , or G␣ 12/13 ) (36 -38), we studied whether ET-1 utilizes the PTXsensitive G-protein to regulate GIT1 and Src activation. We found that PTX pretreatment did not block either ET-1-stimulated GIT1 tyrosine phosphorylation ( Fig. 7F) or Src phosphorylation ( Fig. 7G ), suggesting that GIT1 phosphorylation is not linked to G␣ i/o .
DISCUSSION
We have previously reported that the signaling scaffold protein GIT1 binds directly to eNOS and increases its activity in sinusoidal endothelial cells (5) . Here we extend those findings by exploring the localization of GIT1 and eNOS binding domains and how GIT1 helps integrate signals carried by Src and Akt downstream of endothelin receptor stimulation to regulate eNOS activity.
eNOS is a complex tripartite protein harboring oxygenase, calmodulin binding, and reductase domains. The N-terminal oxygenase domain of eNOS represents the catalytic center and contains binding sites for heme, arginine, and tetrahydrobiopterin, which the reductase domain supports with binding sites for FMN, FAD, and NADPH. These two domains are linked by a connecting region where calmodulin binds ( Fig. 1D ) (39, 40) . GIT1 contains an N-terminal ADP-ribosylation factor-GTPase-activating protein domain, ankyrin repeats, and Spa2 homology domain 1, and a C-terminal paxillin-binding focal adhesion targeting domain (amino acids 647-770) with less well defined C-terminal GRK binding domain (amino acids Fig. 2 . In the graph shown in the bottom panel, bands corresponding to phospho-GIT1 (P-GIT1) were quantified and normalized to total GIT1 (n ϭ 3; error bars represent S.E.; *, p Ͻ 0.05; **, p Ͻ 0.01 versus Ad-EV control). In B, sinusoidal endothelial cells as in Fig. 2 were exposed to the Src inhibitor PP2 (5-10 M) for 2 h, and then cDNA encoding full-length GIT1 (1 g) was transduced for an additional 24 h. Cells were harvested, and cell lysates were immunoblotted (IB) to detect phospho-eNOS (P-eNOS) (Ser 1177 ), total eNOS, and ␤-actin. In the bottom graph, bands corresponding to phospho-eNOS were quantified and normalized to total eNOS (n ϭ 3; error bars represent S.E.; *, p Ͻ 0.01 versus GIT1 transfection control). In C, cells were treated as in B, conditioned medium was collected, and nitrite levels were measured as under "Experimental Procedures." Quantitative data are shown graphically (n ϭ 3; error bars represent S.E.; *, p Ͻ 0.05; **, p Ͻ 0.01 versus GIT1 transfection control). IP, immunoprecipitation.
375-770)
, and synaptic localization domain (amino acids 375-596) ( Fig. 1D) (29) . In our study, using a GST pulldown assay, we found that the N terminus of eNOS was pulled down by GIT1(375-770) but not GIT1(483-647), whereas the C terminus of eNOS was pulled down by GIT1(483-647) and GIT1(647-770). This suggests that direct GIT1-eNOS interactions are complex. The complex GIT1 C-terminal interactions with eNOS help to explain our previous finding that two nonoverlapping fragments within the GIT1 C terminus were able to pull down eNOS activity (5) . Note also that bacterially expressed GIT1 and eNOS fragments are not subject to tyrosine phosphorylation, providing strong evidence that GIT1-eNOS interaction can occur in the absence of any tyrosine phosphorylation (although this basal binding may be modulated by phosphorylation events). Also, these two distinct interactions are indeed direct protein-protein binding events.
In contrast to a simple model where activated Akt simply phosphorylates eNOS to stimulate NO production, we found evidence for a tightly linked system of regulatory events centered on the GIT1 scaffold that coordinate activation of eNOS ( Fig. 8) . Upon endothelin stimulation, sinusoidal endothelial cell GIT1 becomes phosphorylated on tyrosine residues, predominantly Tyr 293 and Tyr 554 . These sites have been described previously as sites for phosphorylation by the Src . After 36 h, cells were harvested, and GIT1 tyrosine phosphorylation and total GIT1 were detected as in Fig. 2 . In the graph shown in the bottom panel, bands corresponding to tyrosine phospho-GIT1 (P-GIT1) were quantified and normalized to total GIT1 (n ϭ 3; error bars represent S.E.; *, p Ͻ 0.001; **, p Ͻ 0.05 versus Ad-EV control). In B, sinusoidal endothelial cells were exposed to PP2 (5-20 M) for 2 h as indicated. Cells were harvested, and cell lysates were subjected to immunoprecipitation (IP) with antibody to GIT1 followed by immunoblotting (IB) with antibodies to eNOS (upper panel), 4G-10 (middle panel), and GIT1 (lower panel). In the bottom panel, bands corresponding to eNOS-GIT1 complex were quantified and normalized to the level of immunoprecipitated GIT1 (n ϭ 3; error bars represent S.E.; *, p Ͻ 0.05 versus control). In C, sinusoidal endothelial cells were transfected with cDNA encoding FLAG-tagged full-length GIT1, GIT1(R39A) that lacks ADP-ribosylation factor GTPase-activating protein activity, GIT1(Y293F), and GIT1(Y554F); in the latter two, Src phosphorylation sites were deleted as described under "Experimental Procedures." After 24 h, cells were harvested, and cell lysates were subjected to immunoprecipitation with antibody to GIT1 followed by immunoblotting with antibodies to 4G-10 (upper panel) and GIT1 (middle panel). FLAG-tagged GIT1 proteins were detected by immunoblotting with FLAG tag antibody (lower panel). The blots shown are representative of three others. In D, sinusoidal endothelial cells under the same conditions as in C were harvested, and cell lysates were subjected to immunoblotting with antibodies to phospho-eNOS at Ser 1177 (P-eNOS), total eNOS (eNOS), phospho-Src at Tyr 416 (P-Src), and total Src (Src). Representative immunoblots are shown in the left panels, and in the graphs shown in the right panels, bands corresponding to phospho-eNOS and phospho-Src were quantified and normalized to total eNOS and Src, respectively (n ϭ 3; error bars represent S.E.; *, p Ͻ 0.05; **, p Ͻ 0.01 versus GIT1 transfection control). In E, conditioned medium from sinusoidal endothelial cells treated as in C and D was collected, and nitrite levels were measured as described under "Experimental Procedures" (n ϭ 3; error bars represent S.E.; *, p Ͻ 0.005 versus GIT1 alone).
kinase family (29, 31) . Accordingly, treatment of cells with the Src family inhibitor PP2 reduced GIT1 tyrosine phosphorylation as well as GIT1-eNOS association, eNOS activity, and eNOS activity-related phosphorylation at Ser 1177 . Similarly, overexpression of GIT1(Y293F) and GIT1(Y554F) mutants also blocked eNOS activity and eNOS phosphorylation at Ser 1177 . Thus, Src phosphorylation of GIT1 at these sites is critical to formation of the GIT1-eNOS complex and subsequent activation of eNOS. We had previously described a pathway linking endothelin receptors to activation of Akt through G-protein ␤␥ subunits (32) . In this pathway, G␤␥ released by activated receptor then stimulates phosphatidylinositol 3-kinase to increase Akt activity, leading to eNOS phosphorylation and NO production. We . Src regulates Akt and the GIT1/eNOS/NO signaling pathway. In A, sinusoidal endothelial cells were exposed to PP2 (10 M) for 2 h and then infected with Ad-myrAkt, Ad-dnAkt, or Ad-EV (m.o.i. 250) as indicated for 36 h. Cells were harvested, and phospho-eNOS (P-eNOS) at Ser 1177 , phospho-Akt (P-Akt) at Ser 473 , phospho-Src (P-Src) at Tyr 416 , total eNOS, Akt, Src, and ␤-actin were detected by immunoblotting as described under "Experimental Procedures." Representative images shown in the left panels. In the graphs shown in the right panels, bands corresponding to phospho-eNOS, phospho-Akt, and phospho-Src were quantified and normalized to the level of total eNOS, Akt, and Src, respectively (n ϭ 3; error bars represent S.E.; *, p Ͻ 0.001; **, p Ͻ 0.01 versus no PP2 control). In B, sinusoidal endothelial cells were treated as in A, nitrite levels were measured in conditioned medium as described under "Experimental Procedures", and the data are presented graphically (n ϭ 3; error bars represent S.E.; *, p Ͻ 0.005 versus Ad-EV control; **, p Ͻ 0.05 versus no PP2 control). In C, sinusoidal endothelial cells were infected with Ad-myrAkt, Ad-dnAkt, or Ad-EV with or without Ad-Src (m.o.i. 250) as indicated for 36 h. Cells were harvested, and cell lysates were subjected to immunoprecipitation (IP) with antibody to GIT1 followed by immunoblotting (IB) with antibody to eNOS, phospho-eNOS, 4G-10, or GIT1. Expression levels of Akt and Src (and total ␤-actin) after infection with specific constructs were confirmed by immunoblotting with the indicated antibodies (lower three panels). Blots shown are representative of three others.
now show that G␤␥ also contributes to the GIT1-eNOS pathway because blockade of G␤␥ signaling also blocked the tyrosine phosphorylation of GIT1. However, G␤␥ does not appear to have a role in activation of Src activity as measured by phospho-Src accumulation, leaving a question as to how G␤␥ acts on GIT1. One possibility is that G␤␥ acts through activation of Akt as GIT1 has a predicted Akt phosphorylation site at Ser 419 (29) that may be important for subsequent Src action on GIT1.
Overall, it is clear from our inhibition studies that Src and Akt both act upstream and downstream of GIT1 in the GIT1-eNOS pathway, consistent with its role as a tightly regulated signaling scaffold. For Akt, it is well known that Akt directly phosphorylates eNOS at Ser 1177 . Although phosphorylated eNOS can be found in complex with GIT1, there is no enrichment in phosphorylated eNOS in GIT1-bound versus unbound fractions (5) , suggesting that Ser 1177 phosphorylation does not regulate GIT1-eNOS association. However, Akt activity clearly does regulate GIT1-eNOS association with elevated Akt activity favoring complex formation (5) . Similarly, we now found that Src phosphorylation of GIT1 at Tyr 293 and Tyr 554 was required for GIT1-eNOS complex formation. Although inhibition of Akt had no effect on Src activity, preventing Src phosphorylation of (and presumably subsequent Src homology 2 domain-mediated binding to) GIT1 also reduced total Src activity. Src is known to directly phosphorylate eNOS at Tyr 83 (41) (42) (43) , and Src also has been reported to regulate eNOS through Akt (44 -47) . These studies are consistent with the deep entwining of the Src and Akt pathways leading to eNOS activation that we saw mediated through the GIT1 scaffold.
GIT1 has been reported to have multiple scaffolding roles that regulate numerous cellular processes in diverse cell types (48) . These include roles in regulating endothelial barrier function in the vasculature (49, 50) and in vascular development in the lung (51) . Endothelin-1 initiates multiple signaling pathways in sinusoidal endothelial cells through G-protein pathways (both G␣ i -and G␤␥-mediated) including Akt and Src activation (32, 52, 53) . Our working model for GIT1 action in the eNOS pathway ( Fig. 8) proposes that GIT1 functions as a . ET-1 regulates GIT1 and eNOS signaling. In A, sinusoidal endothelial cells were exposed to PP2 (10 M) for 2 h and then stimulated with insulin (10 nM) for 30 min. Phospho-eNOS (P-eNOS) and phospho-Src (P-Src) were detected by immunoblotting as described under "Experimental Procedures." Conditioned medium was collected, and nitrite levels were measured and are shown in the bottom panel (n ϭ 4; error bars represent S.E.; *, p Ͻ 0.005 versus control; **, p Ͻ 0.001 versus insulin stimulation control). In B, sinusoidal endothelial cells were exposed to PP2 (20 nM) for 2 h and then stimulated with ET-1 for 30 min. GIT1 tyrosine phosphorylation was detected as in Fig. 2 . In the graphs shown in the bottom panel, bands corresponding to phospho-GIT1 were quantified and normalized to the level of immunoprecipitated (IP) GIT1 (n ϭ 5; error bars represent S.E.; *, p Ͻ 0.005 versus ET-1 control). In C, sinusoidal endothelial cells were exposed to ET-1 from 10 to 20 nM for 30 min, and cell lysates were subjected to immunoblotting (IB) to detect phospho-Src or total Src. In the bottom graph, bands corresponding to Src phosphorylation were quantified (n ϭ 3; error bars represent S.E.; *, p Ͻ 0.05; **, p Ͻ 0.01 versus control). In D, sinusoidal endothelial cells were exposed to PP2 (10 M) for 2 h and then stimulated with ET-1 (10 nM) for 30 min. Cells were collected, and phospho-Src at Tyr 416 , phospho-Akt (P-Akt) at Ser 473 , phospho-eNOS at Ser 1177 , total Src, Akt, and eNOS were detected by immunoblotting as described under "Experimental Procedures." In the graphs shown in the bottom panels, bands corresponding to phospho-Src, phospho-Akt, and phospho-eNOS were quantified and normalized to the level of total eNOS, Akt, and Src, respectively (n ϭ 3; error bars represent S.E.; *, p Ͻ 0.001; **, p Ͻ 0.05 versus ET-1 control). In E, cells were exposed to PP2 (10 M) for 2 h and then stimulated with ET-1 (10 nM) for 30 min. Conditioned medium was collected, and nitrite levels were measured (n ϭ 4; error bars represent S.E.; *, p Ͻ 0.001 versus control; **, p Ͻ 0.005 versus ET-1 control). . The ET B receptor signals through G␤␥ to GIT1 and eNOS. In A, sinusoidal endothelial cells were infected with adenovirus encoding ET B receptor (m.o.i. 250) or empty virus (Ad-EV) for 36 h before exposure to ET-1 (10 nM) for 30 min. Cells were harvested, and GIT1 tyrosine phosphorylation and total GIT1 were detected as in Fig. 2 . In the right graph, bands corresponding to tyrosine phospho-GIT1 (P-GIT1) were quantified and normalized to total GIT1 (n ϭ 3; error bars represent S.E.; *, p Ͻ 0.05 versus Ad-EV control; **, p Ͻ 0.01 versus ET-1 control). In B, sinusoidal endothelial cells were infected with adenovirus (m.o.i. 250) encoding the GRK2ct (Ad-GRK2ct; the C terminus of G-protein-coupled receptor kinase) or Ad-EV for 36 h before exposure to ET-1 (10 nM) for 30 min as indicated. Cells were harvested, and Akt phosphorylation (P-Akt) at Ser 473 and total Akt were detected by immunoblotting (IB) as described under "Experimental Procedures." In C, sinusoidal endothelial cells from the same treatment as in B were harvested, and GIT1-eNOS interaction was measured by immunoprecipitation (IP) with antibody to GIT1 and immunoblotting with antibody to eNOS. The level of eNOS from 10% of total cell lysate used for immunoprecipitation is also shown as indicated. In D, sinusoidal endothelial cells treated as in B were harvested, and GIT1 tyrosine phosphorylation (P-GIT1) and total GIT1 were detected as in Fig. 2 . GIT1-dependent eNOS phosphorylation was measured by immunoprecipitation with antibody to GIT1 and immunoblotting with antibody to phospho-eNOS (P-eNOS) at Ser 1177 . Immunoprecipitation with IgG is shown. The level of GIT1 from cell lysate used for immunoprecipitation is also shown as indicated. In the bottom graph, bands corresponding to tyrosine phospho-GIT1 were quantified and normalized to the level of immunoprecipitated GIT1 (n ϭ 3; error bars represent S.E.; *, p Ͻ 0.05; **, p Ͻ 0.01 versus Ad-EV control; #, p Ͻ 0.01 versus ET-1 control). In E, sinusoidal endothelial cells from the same treatment as in B were harvested, and cell lysates were subjected to immunoblotted with antibodies to phospho-Src (P-Src) at Tyr 416 . In the bottom graph, bands corresponding to Src phosphorylation were quantified and normalized (n ϭ 3; error bars represent S.E.; *, p Ͻ 0.05 versus Ad-EV control; **, p Ͻ 0.05 versus Ad-GRK2ct control). In F, sinusoidal endothelial cells were exposed to PTX (100 ng/ml) for 6 h and then stimulated with ET-1 (10 nM) for 30 min as indicated. Cells were harvested, and GIT1 tyrosine phosphorylation was detected as in Fig. 2 . Immunoprecipitation with IgG is also shown. In the bottom graph, bands corresponding to tyrosine phospho-GIT1 were quantified (n ϭ 3; error bars represent S.E.; *, p Ͻ 0.05 versus no treatment control). In G, cells from the same treatment as in D were harvested, and cell lysates were subjected to immunoblotting to detect phospho-Src as described under "Experimental Procedures." In the bottom graph, bands corresponding to Src phosphorylation were quantified and normalized (n ϭ 3; error bars represent S.E.; *, p Ͻ 0.005 versus no treatment control). scaffold for these two distinct signaling mediators, facilitating both their actions to stimulate eNOS as well as critical regulatory interactions between the two kinase pathways. Future work will be needed to more clearly delineate the extent of these regulatory interactions and how they are facilitated by GIT1 and to determine how this signal cross-talk regulates eNOS recruitment to the GIT1 complex for activation.
